Objective: To obtain insight in the extent to which the human cell lines LiSa-2 and PAZ6 resemble isolated primary human adipocytes. Design: A combination of cDNA subtraction (representative difference analysis; RDA) and cDNA microarray analysis was used to select adipose specific genes to compare isolated (pre-)adipocytes with (un)differentiated LiSa-2 and PAZ6 cells. Measurements: RDA was performed on adipose tissue against lung tissue. A total of 1400 isolated genes were sequenced and cDNA microarray technology was used for further adipose related gene selection. 30 genes that were found to be enriched in adipose tissue were used to compare isolated human adipocytes and LiSa-2 and PAZ6 cells in the differentiated and undifferentiated states. Results: RDA and microarray analysis resulted in the identification of adipose enriched genes, but not in adipose specific genes. Of the 30 most differentially expressed genes, as expected, most were related to lipid metabolism. The second category consisted of methyltransferases, DNMT1, DNMT3a, RNMT and SHMT2, of which the expression was differentiation dependent and higher in differentiated adipocytes. Using the 30 adipose expressed genes, it was found that isolated adipocytes on one hand, and PAZ6 and LiSa-2 adipocytes on the other, differ primarily in lipid metabolism. Furthermore, LiSa-2 cells seem to be more similar to isolated adipocytes than PAZ6 cells.
Introduction
Adipose tissue is a dispersed tissue that has many functions in the human body. Its primary function is the storage of lipids. Its capacity to expand is essential to maintain healthy levels of circulating lipids in times of abundant food supply and provides a source of energy in times of need. Adipose tissue was shown to be essential for glucose and lipid homeostasis (reviewed in Waki and Tontonoz 1 ), since too little 2, 3 as well as too much adipose tissue 4 results in insulin resistance and dyslipidemia. Therefore adipose tissue and adipocytes are subjected to studies to understand the mechanisms of the development of obesity-associated diseases.
A widely used approach to study adipocyte physiology is to use cell lines. The most widely used cell lines are 3T3-L1 and its close relatives. 3T3-L1 is a mouse fibroblast cell line that can be differentiated in vitro. Common adipogenic markers like FABP4 and adiponectin were first identified in 3T3F42a 5, 6 and the importance of these molecules has been shown in mice and human. Although the use of 3T3-L1 has been of great importance for the understanding of adipose physiology, not all mechanisms identified in 3T3-L1 and its relatives, or for that matter in mice are the same in humans. Therefore for improved extrapolation to humans it would be worthwhile to study human cell lines. However, only few human adipose cell lines exist. One cell line is PAZ6. 7 This is a human brown fat derived adipose cell line that can be differentiated from pre-adipocyte to mature adipocytes. Previously the PAZ6 cell line was used as a model for human white adipocytes [8] [9] [10] and brown adipocytes 11, 12 to study the effect of hormones and other compounds on adipocyte physiology, function and gene expression. Another cell line is the liposarcoma cell line LiSa-2 13 , that can also be differentiated into mature adipocytes. Only a few studies were performed using LiSa-2. These studies were focused on the effect of HIV-protease inhibitors 14 and on catalase function. 15 Both cell lines are poorly characterized and it has not been established to what extent the undifferentiated cells resemble stromal vascular cells (SVC) or differentiated cells resemble isolated human adipocytes.
In this study, we aimed to gain insight in the extent to which the human cell lines LiSa-2 and PAZ6 resemble human adipocytes in the in vivo situation, using adipose tissue properties. Therefore, we studied the expression levels of 30 adipose specific genes in isolated cells and in the undifferentiated and differentiated cell lines. Isolation of adipose tissue specific genes was attempted by using a combination of subtractive hybridization and microarray analysis.
Subtractive hybridization, also named representation difference analysis (RDA), 16 is a method to enrich a target mRNA population, in this case mRNA from human subcutaneous adipose tissue, with low abundant and specific sequences, by removing those sequences that are also present in a second population, in this case lung mRNA. The resulting cDNA library was sequenced. The success of the subtraction procedure was assessed by spotting of the cDNA inserts on a microarray and by hybridizing this cDNA microarray with mRNA from different tissues, including adipose tissue and lung. By hybridization with RNA from adipose tissue and colon and lung tissue, 30 adipose enriched genes were selected. These were used for comparative analysis of isolated (pre-)adipocytes and (un)differentiated cell lines using cDNA microarray technology.
Materials and methods
Tissue and cells Subcutaneous adipose tissue was taken from eight morbid obese women (age 36±4; BMI 44.6±4.7) who underwent gastro plastic surgery. This was used for the FAT cDNA library construction. Colon biopsies, subcutaneous and omental adipose biopsies were taken from otherwise healthy subjects diagnosed with colon cancer undergoing abdominal surgery (colectomy). (Patient 1: male 70, BMI 32; pat 2: female 83,  BMI 34; pat 3: female 74, BMI 27 .) The samples were either homogenized in liquid N2 prior to RNA isolation, or were used for (pre-)adipocyte isolation and subsequent RNA isolation using TRIzol reagent (Invitrogen, Breda, The Netherlands) as described previously. 17 Isolation of (pre-) adipocytes was performed according to Rodbell 18 with minor modifications as previously described. 19 20 To determine the length of the PCR products 1 ml of each reaction was run on 1% agarose/TBE gels. Amplified products were purified using L-50 fine Sephadex according to the manual. After precipitation, the pellet was taken up in 12 ml 5 Â SSC of which 10 ml RNA labeling and microarray hybridization RNA labeling for microarray hybridization was performed as described previously. 22 20 mg total RNA was labeled by incorporation of Cy5 labeled dCTP in the cDNA. A standard reference sample, consisting of a pool of total RNA from all samples was used and labeled with Cy3 monofunctional dye. Prior to hybridization, the Cy3-and Cy5-labelled samples were mixed 1:1 (v/v). Prehybridization of the arrays was performed as previously described. 23 A gene frame, 75 ml (Westburg, Leusden, The Netherlands) was used during an overnight hybridization at 42 1C in a humid hybridization chamber. All samples were hybridized in duplicate. After hybridization the arrays were washed and dried as described before. 23 Scans with a pixel resolution of 10mm, a laser power of 90%, PMT voltage of 60% for Cy3 scans and 65% for Cy5 scans, were obtained using a laser scanner (ScanArray ExpressHT, PerkinElmer).
Sequencing and selection of uncharacterized cDNAs
To get insight in the composition of the adipose enriched FAT cDNA library 1411 clones were selected for sequencing. 288 Randomly selected cDNAs and all genes with a hybridization signal higher than 3 Â the background when hybridized with RNA from PAZ6 cells (1123), were selected for sequencing. Sequence analyses were performed by Greenomics, Plant Research International, Wageningen, The Netherlands. The obtained sequences were blasted against the GenBank database. Redundant cDNAs of the FAT library were removed to prevent possible influences of over-represented sequences on data normalization. This was done using similarity analysis in the BLASTCLUST program in BLAST package, which clusters the input sequences based on the pair wise sequence similarity. The sequences with 50% or higher similarity were considered in a same cluster, and the longest sequence in each cluster was used to represent the cluster. Clones from which the sequence analysis failed and clones with an insert length less than 200 base pairs were removed. To obtain a set of genes suitable for further analysis of hybridization experiments, a maximum of two clones representing the same gene were selected from different clusters. In this case these cDNAs represent different parts of the same gene. Representative clones were checked to have hybridization signals representative for the whole cluster. All genes identified during RDA, were grouped according to gene ontology molecular function using eGON. 24 The 387 resulting representative clones were printed on a new human cDNA array, also containing cDNAs that were selected in a similar manner from cDNA libraries of intestinal origin (human colon cancer cell lines CaCo-2 and HT-29 and human small intestine, all constructed with HeLa as driver). The array was constructed as described above and consisted of a total of 3153 spots consisting of 387 representative sequences originated from the adipose tissue enriched FAT cDNA library (FAT), 2456 representative clones originating from the intestinal libraries (INT), 298 selected named cDNAs (CO). 93 of the named genes were related to obesity. Furthermore, two control luciferase clones to check cDNA synthesis efficiency, two spots containing the gene coding for granulated starch and eight spots only SSC. This array was used in all experiments described, except sequence characterization.
Data normalization and analysis
The software package ArrayVision (GE Healthcare, Diegem, Belgium) was used to collect average spot intensities and background values of the arrays and data were further processed in Microsoft Excel. All spots with a cy3 of cy5 signal lower than twice the average background were excluded from the dataset before data analysis. The data normalization was performed exactly as described previously; 22 briefly: in this experimental design a reference sample is used for each slide, thereby making it possible to use multiple slides in a single experiment. The data normalization consists of two corrections; first, the hybridization signal is corrected for fluctuations in the amount of DNA spotted and for variations in the hybridization conditions within a slide. Therefore the cy5 signal on spot a on slide A is multiplied by the median of the cy3 levels on spot a of all slides divided by the corresponding cy3 signal on spot a on slide A. Second, the hybridization levels are also corrected for differences in labeling efficiency between samples and for differences in amount of sample RNA used in the labeling reaction. This correction 2 is performed by multiplying the hybridization signals obtained after correction 1 by the median of the median cy5 signals of all hybridized slides after correction 1 divided by the median of the cy5 signals of all spots on slide A after correction 1. Dot plots of duplicate arrays were made in Microsoft Excel and outliers due to staining were excluded from further analysis. Discriminant analyses were performed using Genemaths XT 1.02 (Applied Maths, St Martens Lathem, Belgium). A Student's t-test was performed using Microsoft Excel.
Results
A combination of subtractive hybridization and microarray analysis was used to obtain adipose specific genes.
Comparative expression analysis of adipocytes EA van Beek et al Subtractive hybridization, or RDA, should result in selection of genes present in one source over the other (enrichment), with all genes being present in the same frequency (normalization). A cDNA library, the FAT library, of mRNAs selected for transcription in adipose tissue and not in lung tissue was obtained. The effectiveness of the procedure was investigated by printing the cDNAs on a microarray slide, hybridizing this to adipocyte RNA and sequencing of the cDNAs corresponding to transcripts which give an average signal of three times above the background (1123 clones), as well as 288 additional, randomly selected clones. In total 1248 cDNAs were successfully sequenced and their frequency was determined to assess the extent of normalization (Figure 1) . The majority of genes, 88%, were present once or twice on the array, while 4% of the genes were present in multiple copies, that is, occurred 20 till 250 times. The genes that are present most frequently are listed in Table 1 . Several genes with an important role in adipose physiology, such as perilipin, FABP4, CD36, SCD, LPL and vimentin, are present between 3 and 20 times, while this category seems to be lacking among the more abundant genes.
To obtain functional insight in the cloned genes obtained by subtraction, first a selection was made in which each gene was presented once. Of 295 genes, 211 could be associated to a unigene cluster and 152 are genes with GO annotations for molecular function (Figure 2 ). Most genes were categorized to binding (115), protein binding (62), ion binding (39), nucleic acid binding (30) , nucleotide binding (22) and lipid binding (8) . The other represented categories are catalytic activity (56), structural molecule activity (25) , transporter activity (14) , enzyme regulator activity (9), signal transducer activity (16) , transcription regulator activity (6), translation regulator activity (6), antioxidant activity (3) and motor activity (2) .
To establish to which extent the FAT library is specific for fat, a new microarray was constructed that was subsequently used for hybridization to RNA from adipose and nonadipose tissues. A total of 387 sequenced FAT cDNA clones representing all unique sequences were printed on this microarrray, next to cDNA clones obtained form subtractions of human small intestine and human colon cell lines and named cDNAs, corresponding to proteins with a known function. This human microarray contained 3141 sequences (3153 including empty spots, luciferase and starch), of which 12% originated from the FAT library (Figure 3a ), 10% were genes with a possible regulatory function in adipose tissue or colon tissue and 78% originated from the intestinal libraries. This microarray was then hybridized with RNAs from subcutaneous adipose tissue biopsies, omental adipose tissue biopsies, isolated omental adipocytes or colon biopsies as well as the lung RNA that was used as a driver in the subtractive hybridization. Genes with an average expression value of higher than two times the background were used for further analysis. To assess the extent of enrichment and to select possible adipose specific genes, the 30 most discriminating genes were selected from the following comparisons using supervised principal component analysis: discriminating between adipose tissue and nonadipose tissue (lung and colon) with higher mRNA levels in adipose tissue; discriminating between adipose tissue and lung with higher mRNA levels in lung tissue. The origins of these clones were then determined ( Figure 3 ). The genes highly expressed in adipose tissue and discriminating between adipose tissue and lung have a distribution (Figure 3b ) that is very different from the distribution of all genes spotted on the array (Figure 3a) . 56% originates from the FAT cDNA library, while this selection represents 12% of the array. Also the named genes selected for their possible function in adipose tissue increases from 3% (distribution of all genes spotted on the array) to 10% (genes higher expressed in adipose tissue). If the genes discriminating between adipose and lung with higher mRNA levels in lung were selected, only one gene (3%) remains that originates from the FAT cDNA library (Figure 3c ). When the most discriminating genes between colon and lung were selected for comparison, the distribution resembles the distribution of all genes spotted on the array, albeit with a slight increase in the relative amount of genes originating from the FAT cDNA library (Figure 3d) . The 30 most discriminating adipose genes ( Figure 3b) were grouped according to function (Table 2) Table 2 ). The four genes with methyltransferase activity have a 1.8 fold higher expression in adipose tissue. All genes were individually tested for statistical significance and all P-values were found to be smaller than 0.05 and most smaller than 0.001 (Table 2) .
To assess the true adipocyte origin of these genes, their expression in adipocytes and pre-adipocytes was determined. All 30 genes are indeed expressed above two times the Comparative expression analysis of adipocytes EA van Beek et al background in isolated human primary subcutaneous adipocytes. Next, we investigated whether these 30 genes are also expressed in the cell lines PAZ6 and LiSa-2. In Table 3 the expression levels (%) are given relative to their expression in isolated adipocytes (100%).
Of the 30 genes, 9 have at least a 50% lower expression in mature differentiated LiSa-2 and 12 in PAZ6, as compared to isolated adipocytes. Remarkably, most of these genes functionally belong to lipid metabolism. In fact, of the genes belonging to lipid metabolism, only three (FABP4, SCD and ALOX5) have a high expression in both differentiated cell lines and three genes (LPL, CD36 and ACSL1) have high expression in differentiated LiSa-2 cells, but a low expression in PAZ6 cells. SCD and CD36 are particularly highly expressed in differentiated LiSa-2 cells (2-and 1.5-fold higher than in adipocytes).
The methyltransferases are all expressed to the same extent in both differentiated cell lines as compared to adipocytes. This is also true for all genes in the regulation of transcription category, except for early B-cell factor (EBF) whose expression is twofold less in differentiated PAZ6 cells. Of the other genes, three, VIM, TGFBR3 and SLC19A2, show a higher expression in differentiated LiSa-2 cells, compared to isolated adipocytes. Figure 2 Molecular function of unique genes identified in the FAT library.
Unique is used to indicate single representation. Activity is abbreviated as act.
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To see whether the expression of these 30 genes is related to adipogenesis and to further characterize the cell lines, we also analyzed the expression of these genes in undifferentiated LiSa-2 and PAZ6 cells and in the SVC fraction of adipose tissue. Using these data we can also observe similarities and differences between SVC and LiSa-1 and PAZ6 pre-adipocytes and shed light on some differences between in vivo and in vitro differentiation. SCD, FABP4, the methyltransferases DNMT3A, DNMT1 and RNMT, RAR, and MMP1 display differentiation related expression; they are well expressed in isolated adipocytes and the differentiated cell lines, while these genes are markedly lower expressed in SVC. Three other genes, DDIT3, VIM and SLC19A2 behave the same in primary cells and the both cell lines and display similar expression in differentiated and undifferentiated conditions. Lisa-2 seems more similar to the primary cells than PAZ6 as indicated by similar expression of LPL, CD36, SHMT2, EBF, SUI1 and TIGA1, while GPX1 is similarly expressed in the primary cells and PAZ6. Some genes (SAA1, PLIN, APOD, KIAA1560, ALDH2 and C10orf116) are regulated during differentiation in vivo, however they are not regulated during adipogenesis in both cell lines.
Discussion
Isolated primary adipocytes as well as cell lines are widely used for mechanistic studies on adipose physiology. Although specific effects observed in cell lines have been confirmed in primary adipocytes by targeted analysis, 12, 25, 26 no profiling techniques have been used to examine the extent to which adipocyte cell lines resemble primary adipocytes. This is particularly true for the human situation. In this study, we isolated adipose tissue genes by RDA and studied the expression of the 30 most differential adipose expressed genes in isolated adipocytes and two human adipocyte cell lines LiSa-2 and PAZ6 using cDNA microarray technology. We observed that differentiated LiSa-2 cells resemble isolated adipocytes the most.
Differences in gene expression between isolated adipocytes and the differentiated cell lines were observed particularly in genes involved in fatty acid metabolism, compared to the other categories (Table 3 ). This may be explained by several reasons. Adipocytes differentiated in vitro are unable to develop fully into unilocular adipocytes. While mature white adipocytes have a single large lipid droplets, both differentiated LiSa-2 cells and differentiated PAZ6 cells display multiple small lipid droplets (unpublished observations). In part this may be due to increased buoyancy accompanying lipid accumulation, resulting in detachment of the cells from the bottom of the culture flask and consequential loss of maturing cells (unpublished observations). A second reason may be in the genetic makeup of LiSa-2 cells and PAZ6 cells. Both cell lines are immortal. LiSa-2 is a cancer cell line and PAZ6 is immortalized using SV40 genes. 7 The immortality may be the cause of the continuous cell growth that is observed during differentiation (unpublished observations). A third reason for a difference in lipid metabolism related genes between cell lines and isolated adipocytes is that the in vitro culture medium may lack essential nutrients, signaling molecules or other factors that are present in vivo. Comparative expression analysis of adipocytes EA van Beek et al
The 30 most discriminating genes between adipose tissue and nonadipose tissue (lung and colon) were categorized to function. As expected the majority has a function in fatty acid metabolism. In our study the expression of the leptin gene was at background levels.
The second category, comprised of four genes with methyltransferase activity, was less anticipated. The role of these methyltransferases in adipose tissue is not known. Although the differences in expression levels between adipose tissue versus nonadipose tissue are not high (between 1.8 and 3.3), the occurrence of four methyltransferases in the selection and their differentiation related expression pattern (Table 3) suggests a functional role and further examination may be worthwhile. DNMT1 and DNMT3a are involved in de novo DNA methylation. DNMT1 is associated with maintenance of methylation patterns during replication, while DNMT3a is associated with developmental methylation of, in particular, single copy genes. 27 Interestingly, DNMT1
interacts with the retinoblastoma protein, 28, 29 which is an important adipose developmental switch 30 and has a role in the regulation of energy expenditure. 31 De novo DNA methylation occurs during embryogenesis, but can also occur in adult cells to alter the developmental program of the cell. 32 It is hypothesized that DNA methylation is set up in a tissuespecific manner, thereby silencing the genes opposing the proper development and leaving essential genes unmethylated and thereby helping to direct terminal differentiation. 33, 34 Indeed, prevention of DNA methylation during differentiation of mammary epithelial cells inhibits the completion of acinar morphogenesis. 35 Both DNMT1 36 and DNMT3a 32 have been implicated in terminal differentiation.
Therefore, we speculate that the high expression of methyltransferases in differentiated adipocytes may be involved in (terminal) differentiation of adipocytes. Comparative expression analysis of adipocytes EA van Beek et al RNMT is required for the formation of the 5 0 -terminal mGpppN cap together with RNA 5 0 -triphosphatase and guanylyltransferase 37 and capping is important for gene expression, because it functions in mRNA processing, stability and translation. 38 This implies that differentiated adipocytes are still metabolically active, as is widely accepted nowadays. Mitochondrial serine hydroxymethyltransferase, SHMT2, functions in one carbon metabolism and in the interconversion of serine and glycine. It is thought to function in the regulation of cell growth and proliferation 39 and was shown to be under control of c-Myc, which has an important role in mitochondrial biogenesis and the expression of nuclear encoded mitochondrial genes. 40 It is likely that higher expression of SHMT2 in adipocytes is related to increased mitochondrial density. The relative small differences agree with previous studies 41, 42 but may in part also be due to the selection of genes used, which was directed at white adipose characteristics and not to identify differences between white and brown adipose tissues. LiSa-2 and PAZ6 are both used to study adipocyte function, [8] [9] [10] but have a different physiological background.
LiSa-2 is a white adipose cell line of liposarcoma origin, while the PAZ6 cell line is an immortalized brown preadipocyte cell line. White adipose tissue is specialized in energy storage and brown adipose tissue has an important function in the generation of heat and for this it expresses All expression levels (%) were set relative to that of isolated adipocytes (100%). Expression levels higher than 70% are shaded and ratios lower than À1.5 and higher than 1.5 are shaded.
Comparative expression analysis of adipocytes EA van Beek et al of the mitochondrial uncoupling protein UCP1. 43 In view of their origin it is not unexpected that LiSa-2 more closely resembles primary adipocytes than PAZ6 (Table 3) . In line with their distinct origins, differences in gene expression between the two cell lines can be observed, but are not pronounced (Table 3 ). In particular SHMT2 is higher expressed in undifferentiated PAZ6 cells and the expression of SUI-1, a general eukaryotic transcription factor involved in transcription initiation, differs ( Table 3 ). The relative small differences agree with previous studies 23, 44 but may in part also be due to the selection of genes used, which was directed at white adipose characteristics and not to identify differences between white and brown adipose tissues. Nowadays, whole genome arrays are available and have successfully been used for comparative analysis, for example, of white and brown adipose tissue and muscle. 44 We used a more focused approach and applied RDA to select adipose tissue expressed genes for further analysis. Theoretically the RDA procedure both selects for specific genes and normalizes their frequency. When the resulting FAT cDNA library was analyzed, we found that most genes were present only once or twice, but 31 genes were overrepresented. The goal of normalization, resulting in a pool of cDNAs with each gene being equally represented, was therefore not fully obtained. This is in agreement with other studies, 45, 46 where normalization was also not fully complete. Among the overrepresented genes, two categories could be distinguished, the moderately overrepresented genes, predominantly genes with a function in adipose tissue biology, and the highly overrepresented genes, which are expressed to a similar extent in lung and adipose tissue. The latter include MALAT1, calmodulin2, ferritin, serum amyloid A and mitochondrial genome hits. This shows that RDA is particularly sensitive to sequences that are expressed in both tissues that are used in the procedure. The results also imply that random isolation of RDA-derived clones would have resulted in a large number of false-positives, while a more detailed analysis of unique sequences clearly shows that the FAT cDNA library is enriched for adipose sequences (Figure 3 ). The 30 most discriminant genes selected for further analysis are not adipose specific genes as they are also expressed in lung tissue, 47 although to a lesser extent. In our hands RDA was not effective in the isolation of tissue specific genes but, in combination with microarray selection, was effective in the isolation of adipose enriched sequences. Our results may also indicate that genes exclusively expressed in adipocytes do not exist. However, as we only used 30 genes for expression analysis from an in-house constructed microarray, further studies using full genome microarrays should be used before we can conclude that adipocyte specific genes do not exist. Furthermore, the use of full genome arrays may result in a more distinct picture regarding the similarity and the use of the LiSa-2 cell line as an alternative for the widely used murine cell line 3T3-L1.
In this study, we used a selection of 30 adipose genes on cDNA microarrays for comparative analysis of human adipose cell lines to support their use for studies on adipose physiology. Our analysis indicates that the cell lines are good models for studying adipocytes physiology provided that caution is taken with regard to lipid metabolism related genes. This disadvantage may be overcome by adapting culture conditions that more closely resemble the in vivo situation.
